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INTRODUCTION 


Tue technique of recoil-less absorption and emission of soft y-rays in crystals 
(Méssbauer effect) has been shown to have widespread applications in 
many fields of research. This paper describes its possible use as a means 
for determining the phases of the Bragg reflections of the incident y-rays, 
from crystals containing the resonance isotope in which the y-rays can be 
absorbed and re-emitted without recoil. 


The resonance scattering of nuclear y-rays was a difficult problem 
prior to 1958, because, during absorption or emission the recoil of the 
residual nucleus created enough energy loss in the y-ray, to throw it off 
fesonance from the sharp nuclear excited states. Recently, however, it 
was shown® (Méssbauer, 1958) that under suitable conditions, for a fraction 
of the emission or absorption processes the recoil was taken up by the 
crystal as a whole instead of by the individual nucleus and so the y-ray had 
the full energy. This increased the cross-section for resonance to a very 
high value. It was also found that by adding or subtracting small amounts 
of energy of the order of the width of the excited state (accomplished simply 
by moving the source of y-rays with respect to the scatterer with velocities 
of the order of cm./sec.) the resonance could be destroyed. The shape of 
the resonance could also be traced by using a range of velocities. The 
average cross-section for recoil-less resonance scattering can be shown to 
be (Visscher, Ziad 
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Where I is the total width of the excited state, a the total internal conver- 
Sion coefficient, A the reduced wavelength of the y-ray and I, and Ig are the 
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spins of excited and ground states respectively. S = vE,/c, where v is the 
relative velocity between the source and the scatterer, E, the energy of transi- 
tion and ¢ the velocity of light. e-®9 is the Debye-Waller factor which gives 
the fraction of transitions occurring without recoil. 


THE COHERENCE QUESTION 


In the presence of such recoil-less nuclear resonance scattering, the 
other important elastic scattering processes that occur are, (a) Thomson 
scattering by the nucleus and (5) Rayleigh scattering by the electrons of the 
atom. Since all the three scattering modes are elastic, the question of 
coherence between these may be considered. The coherence of the Thomson 
and Rayleigh scattering has been discussed*’? (Moon, 1950, 1960) and also 
experimentally verified’* (Sood, 1958). For the nuclear resonance scat- 
tering also to be coherent‘ a chief requirement is that the incident line should 
be very sharp as compared to the absorption line? (Heitler, 1944). When 
artificial methods are employed to compensate for recoil losses by broaden- 
ing the incident line enough to overlap with the absorption line, the resulting 
resonance process cannot be expected to be coherent, because this inherently 
involves an incident line broader than the absorption line. Further, recoil 
and thermal movements will produce random fluctuations in phase. How- 
ever, when recoil-less resonance is produced, the scattering is truly elastic, 
without change even in the vibrational states of the crystal, producing 
emission and absorption lines of equal widths. Although here, random 
sources of incoherence are eliminated we still cannot expect complete 
coherence. An estimate® of the degree of coherence in a resonance process, 
like the Méssbauer effect, may be made by considering the incident radia- 
tion as a damped harmonic vibration with its characteristic frequency and 
decay constant, falling on a resonator with similar constants of its own. 
The differential equation of motion of this system yields a transient solution 
with the characteristics of the resonator, and a steady state solution with 
those of the incident radiation and coherent with it. The ratio of the time 
averages from t = 0 to t = co of these two solutions is a measure of the 
degree of coherence. This ratio directly involves the widths of the incident 
and absorption lines and if these are equal we can expect the scattering to 
be about 50% coherent. 


Under these conditions, the total scattering amplitude from an atom 
may be written as a coherent sum of all modes of scattering, i.e., 
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where 
Agsy = f (e*/mc*) e™, 


f being the atomic scattering factor, (e?/mc*) the classical electron 
radius, e™™ the root of the Debye-Waller factor used in crystallography, 
representing the reduction of Rayleigh peak intensity at Bragg angles due 
to thermal motion of the atoms, and a,,, = 1/o,e-9. Here the Thomson 
scattering amplitude has been neglected in comparison with the other two. 
a is the degree of coherence in the resonance process. This can be used 
as the basis for describing the total coherent scattering from a macroscopic 
crystal, but here other sources of incoherence enter. First, the resonance 
isotopes are only a fraction of the different stable isotopes that go to make 
the element in the crystal, and these are situated at random. If £8 is the 
abundance of the resonance isotope in the crystal, then the average coherent 
scattering amplitude can be written as: 


Qeon. = (1 — B) Any + BQ 000. 
In the same way, the statistical probability factor 
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should also be included in the expression for a,,,. Then 


con = (1 — BY) Qpay + BG com: 
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The total scattering is 
(1 — By) | Gray |? + BY | Geom. |? 
so that the incoherent background is given by 
By (1 — By) | Geom. — Gnas |? 
The isotopic and spin incoherences have been treated as in the case of the 
scattering of slow neutrons in crystals. 


The total Rayleigh scattering amplitude from all the atoms (considering 
them to be the same for simplicity) in the unit cell of a crystal is given by 
the structure factor 
by feMem (hay+kyjs+lz;) 


Frki = 











268 R. SRINIVASA RAGHAVAN 





where xjyjzj are the fractional co-ordinates of the j-th atom. The intensity 
of the reflection (hkl) where h, k and / are the Miller indices of the reflecting 
plane is proportional to | Fn |". With the resonance scattering also present 
it will instead be proportional to | F’hxi|?, where 


F’nkt = 5 eon e2nt (hajtkypHlzy) 
i 


This shows that under these conditions there will be a greater intensity in 
the Bragg peaks due to the coherent addition of the Rayleigh and resonant 
scattering. The background intensity is also increased due to the additional 
incoherent scattering. 


APPLICATION TO THE PHASE PROBLEM 


As a result of the compound scattering, the intensity of the Bragg peaks 
can be increased to a limit by adding variable amounts of the resonance 
amplitude to the electronic amplitude. a, can be changed very precisely 
by varying the relative velocity between the source and the scatterer (i.e., 
by varying S in the denominator of a9). This changes the amplitude as 
well as the phase of the resonance scattering which is +7 at the extreme 
wings and 7/2 at exact resonance, resulting in the compound scattering having 
a phase angle different from the usual 180° as for pure electronic scattering. 
This should, therefore, lead to the violation of Friedel’s Law, since the 
imaginary term in the resonance denominator will give unequal values for 
| F’nxr | and | F’nki| and so unequal intensities for these reflections. The 
possibility of having a complex scattering factor involving the breakdown 
of Friedel’s Law can be compared to the situation arising out of the anomalous 
dispersion® (James, 1954) of X-rays by the K-electrons. The two are similar, 
one being a nuclear resonance and the other an atomic resonance. 


The complex structure factor can be written as | Frxi | e*® where | Fret | 
is the structure amplitude and ¢ is the phase constant. Measurement of 
intensities of reflections gives only | Fpxy| and information of ¢ is lost. 
To make a Fourier synthesis of the structure factors and hence to derive 
the structure of the crystal it is necessary to know Fp, and not merely | Fpxi|. 
So the problem of finding ¢ for each reflection is known as the phase prob- 
lem. The general principle of any phase determining method® (Lipson 
and Cochran, 1957) is that we can deduce the phase constants by a study 
of the change in the intensity of reflections when the scattering factor of 
a particular atom is varied in a preferential and known manner. Usually, 
the isomorphous replacement,® or the anomalous dispersion methods! !? 
(Ramachandran and Raman, 1956; Pepinsky and Okaya, 1956) are used 
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for this purpose. In the former method only a change in the scattering 
amplitude is made while in the latter, the phase of scattering is changed as 
well, leading to the breakdown of Friedel’s Law. In some cases the latter 
method alone is not found to be sufficient and a combined use of both these 
methods has been suggested. It is obvious that any method by which the 
scattering factor can be easily changed with change in phase as well as 
amplitude resulting in the violation of Friedel’s Law can be applied in the 
same way as the anomalous dispersion method. The recoil-less resonance 
method would then fill these needs adequately and may therefore be used 
for the determination of phases, and also the absolute configuration of 
crystals. It is worthwhile pointing out that where it can be used, the new 
method can be more advantageous, since by the simple artifice of having 
two or three velocities of the source or the scatterer, the resonance amplitude 
and hence the compound amplitude can be changed considerably. Measure- 
ment of the intensities of inverse reflections with these velocities may help 
fix the phase constant without ambiguity even in cases where previously 
the anomalous scattering method alone was not sufficient. This is mainly 
because of the fact that the change in the f value due to anomalous disper- 
sion is fixed, and even if it can be changed slightly one has to use different 
radiations which may not always be possible. Use may also be made of 
the fact that in the new method, there is provision to make the compound 
scattc ing factor of the resonance atom even negative by using velocity of 
the correct sign. This is comparable to some cases in neutron diffraction 
where, again due to the action of resonance, the scattering factor becomes 
negative. 


The success of the method may depend largely on the extent to which 
the coherent peaks can be distinguished from the considerable amount of 
incoherent background which should be expected. For this it may be 
necessary to use crystals enriched in the resonance isotope. Also, strong 
sources may be indispensable to provide geometries good enough to resolve 
the Bragg peaks. However, the method even if practicable, is of limited 
scope, since only Méssbauer transitions involving a y-ray wavelength ~ 1A 
would be useful. Of the cases reported so far, the 14-4 Kev. line in 
the decay of Co®’—» Fe*” made famous by spectacular experiments in many 
fields, may be most useful. In this case, rough estimate of the cross-sections 
are given in Table I (Appendix). Here the resonance parts have been 
calculated for zero relative velocity between source and absorber. The 
enhancement of the coherent cross-section with enrichment is evident. Also, 
the magnitude of the imaginary part (aBy »/o,e-9) of a as compared to 
its real part, viz., f(e?/mc*) which determines the difference in intensities 
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| F’ner |? and | F’hi |* is seen to be quite large. This compares favourably 
with the X-ray anomalous diffraction method where the imaginary addition 
4 f” is usually much smaller than f Hence these differences in intensities 
should be measurable in experiments with compounds of iron using Fe®’ 
radiation. 


The first experiment for testing the interference between Rayleigh and 
Resonance scattering has been performed’ (Black and Moon, 1960) using 
the Fe’ radiation. Although there seems to be some evidence of this, it 
should be desirable to have further confirmation by a direct investigation 
on the enhancement of Bragg peaks due to this interference of the two 
processes. 


SUMMARY 


When soft y-rays are emitted without recoil, the radiation emitted has 
a considerable fraction contained within the natural line-width. This part 
of the radiation is expected to be partially coherent with the incident y-rays 
and so with the Rayleigh scattered component. Under these conditions 
the total scattering amplitude will be a sum of the Rayleigh and Resonance 
amplitudes. This coherent addition leads to an enhancement of the inten- 
sities of Bragg reflections from the crystal. Since the total amplitude is 
complex, the intensities of inverse reflections will be unequal. It is suggested 
that this possibility be utilised, as in the similar case of anomalous dispersion 
of X-rays, for determining the phase constants as also the absolute con- 
figuration of crystals. Practical limitations are discussed. 
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INTRODUCTION 


WIELAND prepared tetraphenylhydrazine for the first time and proposed 
that: (1) when heated in a non-polar solvent like xylene or toluene to 
about 90°C., tetraphenylhydrazine dissociates into diphenylamino-radicals, 
and (2) the coloured compounds formed by the action of acids on tetra- 
phenylhydrazine have a quinonoid structure.1. Weitz and Schwecten observed 
that tetraphenylhydrazine does not form salts with acids unless oxidizing 
agents are present and hence suggested that the action of acids on tetra- 
phenylhydrazine produces free radicals instead of quinonoid compounds.? 
Lewis and Bigeleison held the view that in solution tetraphenylhydrazine 
is in dynamic equilibrium with the positive and negative ions of diphenyl- 
nitrogen and, when an acid is added, the negative ions are first removed by 
protonation; the positive ions which accumulate combine with the anion 
of the acid®: 


m——» + & 

Ph Ph Ph. 7 Ph. ..7- 
Saat — [Px] + [PDs 

a“ ae ~ tot Ph | 


es] 5 ae clas [Ss] [4] 
>*] + Ht " 


> NH 
Ph 
The action of ultra-violet rays on tetraphenylhydrazine held in a rigid 
medium was studied by Lewis and Lipkin and the following reactions were 
273 











274 M. RAMACHANDRA DAS AND OTHERS 


postulated: (1) photodissociation forming two molecules of diphenylamino 
radicals, (2) photoionization resulting in the formation of positive and nega- 
tive diphenylamino ions, and (3) photo-oxidation resulting in the formation 
of the tetraphenylhydrazyl radical,‘ 


Ph. .. . Ph 
wa ts ., 

The technique of electron spin resonance spectroscopy was employed 
by Hoskins to investigate this problem. He attempted to observe the para- 
magnetic resonance of diphenylamino radical, which is presumably obtained 
by heating to 90°C. a solution of tetraphenylhydrazine in toluene.® A 
five-line spectrum contrary to an expected three-line spectrum was obtained; 
it will be seen later that an impure sample of tetraphenylhydrazine gives 
a five-line spectrum in the solid state and in xylene. 


The present investigations on free radicals obtained from tetraphenyl- 
hydrazine under different conditions extend Hoskins’ attempts to identify 
the diphenylamino radical. Electron spin resonance has proved very useful 
in the study of many organic free radicals, and the rich hyperfine structure 
found in the resonance spectra of many organic free radicals has been the 
subject of considerable theoretical and experimental studies.6 This work 
was undertaken with the expectation that the several radicals obtained from 
tetraphenylhydrazine could be distinguished from one another with the 
help of the hyperfine structure in their resonance spectra and their g-values. 


TECHNIQUES AND MATERIALS 


The Spectrometer.—The electron paramagnetic resonance studies were 
carried out in an x-band reflection cavity spectrometer consisting of a Varian 
V-4500-40 x-band microwave bridge, the Varian klystron power supply 
(V-4500-20) and their klystron control unit (V-4500-10); the low frequency 
magnetic field modulation for derivative recording was provided by a 37 cps. 
oscillator and power amplifier; the output of a twin-tee narrow band 
amplifier was detected with a phase-sensitive detector and recorded on a 
Honeywell-Brown strip chart recorder to obtain the derivative spectrum. 
The frequency of the klystron was stabilized with the sample cavity as 
reference; the klystron was frequency modulated by impressing a 10 kcs. 
modulation on its reflector voltage and the 10 kcs. component of the outpu; 
of the microwave crystal diode, 1N23B, was detected with a phase-sensitive 
detector and used for the frequency stabilization of the klystron. 


A Varian V-—4012-A 12”-electromagnet with its associated V-2100-A 
power supply and a voltage regulator (V-2101-C) provided the magnetic 
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field for the resonance studies. The magnetic field was scanned linearly 
at a constant microwave frequency for obtaining the resonance spectra. 


Measurement of magnetic field strength—The magnetic fields were 
measured in terms of the proton magnetic resonance frequencies using a 
circuit of the type described by Knoebel and Hahn,’ with mineral oil as the 
sample; the probe containing the mineral oil was placed as close to the 
paramagnetic sample as possible. The proton resonance frequency was 
measured with the aid of a loosely coupled antenna placed inside the proton 
oscillator box, followed by a tunable radio frequency amplifier. The output 
of the amplifier was fed into a Hewlett Packward frequency converter 
(hp-525-A) and counter (hp-524-B) combination. The error in the proton 
resonance frequency due to dispersion effects was measured by following, 
on the frequency counter, the changes in the oscillator frequency as the 
magnetic field passed slowly through resonance; it was found to be less 
than +40 cps. in 14 mcs. (i.e., about 3 parts in 10°). In order to minimise 
the errors due to dispersion, care was taken that the magnetic field did not 
drift during the period of measurement of the proton resonance frequency; 
the measurements were made only after allowing an initial warm up period 
of about 2 hours for the magnet and magnet power supply to stabilize. After 
making a series of measurements, the corrections to be applied for the 
difference between the magnetic field strengths at the proton probe position 
and the position of the paramagnetic sample were determined by removing 
the microwave cavity from the magnetic field and shifting the proton probe 
to the position originally occupied by the paramagnetic sample. The 
proton probe was easily reset at these two positions with the help of markings 
on an aluminium plate on which the proton oscillator box rested. This 
procedure could be followed very easily because of the high stability of 
magnetic fields attainable with the Varian 12”magnet and its power supply. 


Measurement of microwave frequencies—The microwave frequencies 
were measured by coupling a portion of the microwave power and beating 
it with the harmonics of a transfer oscillator. This method is capable of 
measuring the microwave frequency to | part in 10°, which is the accuracy 
of the counter. 


g-Value of DPPH.—The_ g-value of a, a’-diphenyl-8-picryl hydrazyl 
(DPPH) was measured over several days to verify the accuracy of the 
method described above. When a speck of DPPH was used it was 
observed that though the ratio (vg/vp) of the electron spin resonance fre- 
quency for DPPH (vg) and the proton resonance frequency (vp) at the 
same magnetic field could be measured to a precision of 3 parts in 10® on 
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a single day, the values measured over several days varied about 2-5 parts 
in 10* (corresponding to a g-variation from 2-0033 to 2-0038). ‘This varia- 
tion was later found to be due to anisotropy effects derived from the sample 
not being truly polycrystalline. Over a whole day the orientation of the 
sample with respect to the magnetic field was left unchanged and hence the 


constancy of the results over a day. When the sample tube was rotated 
with respect to the field between successive measurements on a single day, 


the g-values were found to show variations of the same order as reported 
above. 


The g-value of a 0-002 M solution of DPPH in xylene, which is not 
expected to show anisotropy effects, was measured over several days and 
the extreme variations of the ratio, (vg/vp), were within 2 parts in 105; the 
ratio was found to be 658-6290+0-0030. The ratio of the proton magnetic 
moment in mineral oil to the proton magnetic moment in water is reported 
as 1-0000041+-0-0000015.° Combining this with the most recent value 
of the gyromagnetic rotio for protons in water, yp= 2.67513+0-00002)x 
10* gauss~'sec.!,!° the gyromagnetic ratio of protons in mineral oil is (2-67513 
+ 0-00002) x 10*gauss“' sec. The g-value for DPPH is given by 


VE 
Vp 
- é — 
2mcyp (mineral oil) 
and with (e/mc) = (1-75887+0-00003) x 10’ e.m.u./gm." 
g (0-002 M DPPH in xylene) = 2-00347 + 0-00004. 


The g-value for DPPH has been previously reported to be 2-0036+0-0003.12 





g= 





Measurement of g-values, hfs spacings and line-widths of radicals other 
than DPPH.—The g-values of the free radicals reported in this paper were 
measured by the method outlined for measurements on DPPH. The values 
obtained differ in their precision (as seen from Table I), depending on the 
line-width of the spectrum and the intensity of the paramagnetic resonance 
absorption that could be obtained. In all cases the derivative of the spectrum 
as seen on an oscilloscope was used to determine the centre of the absorption 
signal; whenever the sample gave a feeble absorption signal, the amplitude 
of field modulation was enhanced to several times the line-width in order 
to increase the ease of detection of the centre of the line. The amplitude 
of field modulation is known not to affect the position of the centre of the 
signal, 





TABLE I 
ee eee CR Ne en ae aE a ved from and related to tetraphenylthydrazine 
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The hyperfine structure separations were measured by observations 
on the oscilloscopes whenever possible. In most of the free radicals the line. 
widths were so large that the hyperfine structure separations could be obtained 
only from magnetic field marks put on the record of the spectra obtained 
with the strip chart recorder; and in certain cases only the overall spread 
of the spectrum could be estimated. Table I presents the data obtained on 
all the free radicals reported in this paper. The overlap corrections, when- 
ever applied, are approximate and assume a Lorentzian shape for the indi- 
vidual hyperfine components. When making line-width and /Afs separation 
measurements, the modulation amplitudes used were at least four times 
less than the estimated line-widths, so that the contribution to line-width 
from field modulation was negligible. 














MATERIALS 






Tetraphenylhydrazine.—In the first few experiments a sample of tetra- 
phenylhydrazine kindly sent to us by Dr. M. Vecera!* was used. This 
sample, however, had turned green and gave an electron paramagnetic 
resonance spectrum by itself in the solid state and when dissolved in xylene. 
The sample was subjected to repeated crystallisations from a mixture of 
benzene and alcohol but failed to yield a colourless product. 


A fresh sample of the material was prepared from diphenylamine by 
oxidation with powdered potassium permanganate.“ On repeated crystal- 
rsations from a mixture of benzene and alcohol, shining colourless crystals 
of tetraphenylhydrazine were obtained; these were dried under vacuum 
(M.P. 142°C. decomp.). 

Diphenylbenzidine—Diphenylbenzidine was prepared by the method 
described by Wieland.”® 

Deuterated acetic acid (CH,COOD).—Deuterated acetic acid 
(CH, COOD) was prepared from acetic anhydride and 98% D,O."* 

Silver oxide.—Silver oxide was prepared by the oxidation of a solution 
of silver nitrate with potassium persulphate.!’ 

The other chemicals were obtained commercially and were of 

ANALAR’ grade. 
. RESULTS AND DISCUSSION 

I. Studies on tetraphenylhydrazine—1. On heating a solution of 
freshly prepared, pure tetraphenylhydrazine in a non-polar solvent like 


xylene or toluene to about 90°C. the solution acquired a brownish green 
colour, which it retained on cooling to room temperature. The cooled 
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solution exhibited an electron spin resonance spectrum consisting of three 
lines with intensities in the ratio 1: 1:1 (Fig. 1). A sample of tetraphenyl- 
hydrazine, which had turned green on keeping, gave, however, a resonance 
line even in the powder-form. The line from the powder exhibited fine 
structure, which was not very well resolved, and seemed to consist of at 
least five components. A solution of the sample in xylene gave a weak, 
five-line spectrum, which changed to a strong, three-line spectrum on heating. 
[t must be pointed out, however, that not all samples of tetraphenylhydrazine 
showed visible decomposition on keeping; the samples obtained as colourless 
crystals after repeated crystallizations were noi prone to decomposition on 
keeping. 














Fic. 1. Derivative of the electron spin resonance absorption from a solution of tetra- 
phenylhydrazine in xylene heated to 90° C. and cooled. The radical is the diphenylamino radical, 
Ph-N- Ph. 


The three-line spectrum obtained on heating a solution of tetraphenyl- 
hydrazine in a non-polar solvent is attributed to the diphenylamino radical, 


Ph, . 
» 
Ph 


(sometimes called diphenylnitrogen), whose formation was predicted 
by Wieland.' The hyperfine structure is believed to be due to the 
hyperfine interaction between the odd-electron and the spin of the N™ nucleus 
(I = 1), resulting in three equally spaced components with the same intensity. 


2. If a solution of tetraphenylhydrazine in xylene was not heated, 
but allowed to remain for about a week, (or if oxygen was bubbled through 
the cold solution), the sample changed its colour slightly to a faint brownish 
hue and gave a weak resonance spectrum similar to Fig. 1. The g-value 
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also agreed with that of the diphenylamino radical within the limits of experi- 
mental error. The role of bubbled oxygen or atmospheric oxygen in this 
reaction is not well understood; it is possible that the first step in this re- 
action is oxidation, leading further to the cleavage of the molecule resulting 
in the formation of diphenylamino radicals. 


3. A solution of tetraphenylhydrazine in acetic acid, however, showed 
an entirely different behaviour on heating or on keeping. On heating it 
turned violet and the cooled sample showed a very strong paramagnetic 
resonance absorption consisting of five lines (Fig. 2). The 5-line spectrum, 














Fic. 2. Derivative of the electron spin resonance absorption from a solution of tetra- 
phenylhydrazine in acetic acid heated and cooled. The radical is the tetraphenylhydrazinium 


radical, 
Ph Ph>* 
ee . fe 
N— WN - 
i Con 


which had a g-value that differs distinctly from that of the diphenylamino 
radical, is believed to be due to the radical of the type, 


Ph Ph3t 
* f 
IN —- N ry 
[n> Con 
a radical similar to DPPH; the hyperfine structure arises from the inter- 
action of the electron spin with the nuclear spins of the two equivalent nitrogen 


nuclei. The relative intensities of the hyperfine components also agree 
A2 
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qualitatively with the expected ratio of 1:2:3:2:1. The experiment was 
repeated with CH,COOD and there was no change in the spectrum showing 
thereby that the fine structure does not arise from the protons derived from 
the carboxylic group of acetic acid. 


4. When a freshly prepared solution of tetraphenylhydrazine in acetic 
acid was shaken for about ten minutes, the solution took a greenish tinge 
and showed a very poorly-resolved, weak, resonance absorption. The 
g-value of this differed from those of all the other spectra and the entire 
spectrum was spread over 50 gauss. A new radical species is formed, the 
nature of which could not be determined on account of the lack of detailed 
characteristics of the spectrum. 


The same solution, however, when kept over for about a week turned 
dark brown and exhibited a strong, five-component, resonance line with a 
g-value agreeing with that of the radical obtained on heating a freshly prepared 
solution of tetraphenylhydrazine in acetic acid. 


5. On oxidation of the solution of tetraphenylhydrazine in acetic acid 
with PbO,, a strong absorption was obtained and the spectrum again showed 
five distinct lines, and its g-value agreed with that of the heated solution 
in acetic acid. The spectrum, however, was less resolved and was spread 
over a larger range; the spacing between the components was also different 
(see Fig. 3). The spectrum showed no change when CH,;,COOD was used 
instead of CH;COOH. 














Fic. 3. Derivative of the electron spin resonarce absorption from a solution of tetrapkenyl- 
hydrazine in acetic acid treated with PbO,, 


6. A powdered sample of tetraphenylhydrazine, when treated with 
concentrated sulphuric acid, showed very rapid colour changes. There 
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was a deep violet colour that lasted for a very short time, followed by a 
longer blue which finally turned into pale green. All the colour changes 
were followed in the paramagnetic resonance spectrometer and only the 
violet phase showed the presence of free radicals. Initially, the concentra- 
tion of radicals was very large but decreased very rapidly with no trace of 
resonance signal after ten minutes. The entire spectrum had to be scanned 
very rapidly using fast scanning techniques and short time constants. Steady 
flow techniques were’not adopted because of certain experimental difficulties. 
The g-value measurements were made very hurriedly owing to the short 
life of the species and a precision greater than +0-0007 could not therefore 
be attained. The g-value was smaller than the free electron value of 2:0023 
and the spectrum consisted of 5 components. Both the powdered tetra- 
phenylhydrazine and the concentrated sulphuric acid were cooled to about 
—5°C. before mixing to prolong slightly the life of the free radical phase. 


7. The spectrum obtained from adding a drop or two of concentrated 
sulphuric acid to a freshly prepared acetic acid solution of tetraphenyl- 
hyrdazine was, however, very much different from those discussed earlier 
[Fig. 4(a)]. When sulphuric acid was added to the acetic acid solution, 
there was a flash of violet colour followed quickly by blue, turning slowly 
into green. The violet phase was too short-lived for resonance studies and 
the blue phase exhibited no resonance. The green phase had a paramagnetic 
resonance spectrum, whose central portion showed a flat on the derivative 
curve indicating a trough rather than a peak at the centre. Since the 
hyperfine interaction with nitrogen (I = 1) alone cannot under any conditions 
give a trough at the centre, it had to be concluded that some hyperfine 
structure due to protons also was being observed. (In the other spectra 
where the observed /Afs has been attributed solely to nitrogen nuclei, any 
hfs due to protons might be unresolved.) To confirm this, the experiment 
was repeated with CH,;COOD instead of CH;COOH and the resulting 
spectrum [Fig. 4 (b)] showed no trough at the centre. The trough at the centre 
was, therefore, caused by hyperfine interaction with the protons derived 
from the carboxyl group of acetic acid; and the deuteration of the carboxyl 
group led to a peak instead of a trough, as expected from a nucleus with 
I=1. The g-values of the deuterated and undeuterated species agree with 
each other, though they differ from the g-values of the other radicals and 
fall below the free electron value. The spectrum of the deuterated species 
was split into five main lines and the spectrum of the undeuterated species 
apparently into six. The five main lines might be due to a larger nitrogen 
splitting over which smaller proton or deuteron splittings are superimposed. 
From the fact that some of the /Afs is derived from the proton abstracted 
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Fic. 4. (a) Derivative of electron spin resonance absorption from a solution of tetra- 
phenylhydrazine in acetic acid treated with a drop of sulphuric acid; (é) CH;COOD is used as 
the selvent instead of CH,COOH. 














Fic. 5. Derivative of the electron spin resonance spectrum of a solution of dipyhenlamine 
in acetic acid treated with PbO,. The radical is the same as that in Fig. 2. 





fro 
rad 
rad 


wel 


sui 
phe 


me 
exh 
anc 


ace 





resi 
and 


xyl 


Sin 
phe 











Electron Spin Resonance Studies of the Free Radicals 285 


from the carboxyl group of acetic acid, we are led to believe that the free 
radical formed is in all probability, the protonated tetraphenylhydrazinium 


radical, 
Ph Ph |** 
\n - N 
& x8 <n ; 


H 


II. Studies on Diphenylamine——The paramagnetic resonance studies 
were extended to a few reactions of diphenylbenzidine and diphenylamine, 
to ascertain whether diphenylamine and diphenylbenzidine would, under 
suitable conditions, yield the same radicals as those obtained from tetra- 
phenylhydrazine. 


1. Diphenylamine was subjected to oxidation with PbO, in a polar 
medium, viz., acetic acid. The resonance spectrum of the resulting mixture 
exhibited five components and the g-value, the line-widths of the components 
and hfs spacings agreed with those of the free radical obtained by heating 
a solution of tetraphenylhydrazine in acetic acid (Fig. 5). When deuterated 
acetic acid, CH;,COOD, was used there was no change in the spectrum. 











Fic. 6. Derivative of the electron spin resonance spectrum of the xylene extract of the 
residue obtained by the oxidation of diphenylamine with potassium permanganate in acetone 
and evaporating the acetone, 


2. If, however, the oxidation was carried out with PbO, or AgO in 
xylene, a non-polar solvent, the resulting solution gave a very broad, weak 
resonance spectrum, whose characteristics could not be easily measured. 
Since, tetraphenylhydrazine is usually prepared by the oxidation of di- 
phenylamine with powdered potassium permanganate in acetone this system 
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- Was subjected to resonance studies. A solution of diphenylamine in acetone 
was shaken for about ten minutes with powdered potassium permanganate 
at room temperature and the acetone was evaporated with a jet of nitrogen. 
The residue—which on crystallization from a benzene-alcohol mixture 
yields tetraphenylhydrazine—was extracted with xylene in the cold and 
the xylene extract was examined in the spectrometer; a well-resolved three- 
line spectrum was found (Fig. 6). This spectrum resembled the spectrum 
of diphenylamino radical in its line-width and overall spread, but had a 
different g-value. The mother liquor from the crystallization of the crude 
tetraphenylhydrazine also gave a similar spectrum. The mechanism for 
the formation of tetraphenylhydrazine is presumed to be the oxidation of 
diphenylamine into diphenylamino radicals, two of which combine to form 
a molecule of tetraphenylhydrazine. The species, whose spectrum we have 
observed, might be that of the diphenylamino radical further oxidized; 
the presence of three components may be indicative of this radical containing 
only one nitrogen atom. 


III. Studies on Diphenylbenzidine—\1. Diphenylbenzidine behaved in 
a manner analogous to diphenylamine, when treated with acetic acid and 
PbO, (Fig. 7). The five-line resonance spectrum did not undergo any 
change when deuterated acetic acid, CH;COOD, was used instead of 
CH,COOH. 








/ 











Fic. 7. Derivative of the electron spin resonance spectrum of a solution of diphenyl- 
benzidine in acetic acid treated with PbO,. The radical is the same as that in Figs. 2 and 5. 
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2. Inanon-polar solvent like xylene, the oxidation of diphenylbenzidine 
with PbO, or AgO, resulted in an asymmetric paramagnetic resonance 
spectrum (Fig. 8). It is believed that more than one radical is formed and 
the measurement of g-value has no meaning due to the ambiguous nature 
of the spectrum. The spectrum could be interpreted as consisting of a 
less intense line superimposed on a stronger three-line spectrum. If this 
interpretation is correct the g-value of the 3-component species is 2:0030 
+0-0005. 
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Fic. 8. Derivative of the electron spin resonance spectrum of a solution of diphenyl- 
benzidine in xylene oxidized with PbOg. 


CHARACTERISTICS OF THE ELECTRON SPIN RESONANCE SPECTRA 
OF FREE RADICALS 


The electron spin resonance spectra of organic free radicals are cha- 
racterised by the g-values, the hyperfine structure and the separation between 
the hyperfine components, the line-widths of the components and the over- 
all spreab of the spectra. Among these the g-values and the hyperfine 
structure are most useful in differentiating between radical species. The 
g-values of organic free radicals containing C, H, O and N have been 
found to cluster around the free electron value of 2:0023 and great precision 
in the determination of g-value is necessary for differentiating between 
organic free radicals only on the basis of their g-values. The almost 
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complete quenching of spin-orbit interaction in organic free radicals results in 
the isotropic part of the g-tensor (the part which is measured in solutions) 
being very close to the free electron value and the small deviations from 
the free electron value are presumably due to second order contributions 
from spin-orbit coupling. 


The rich hyperfine structure usually observed in the electron spin 
resonance spectra of organic free radicals gives considerable information 
about the nature and structure of the free radical. It arises from the mag- 
netic interaction of the electron magnetic moment with the magnetic moment 
of the nuclei, the magnitude of this interaction being reflected in the spacings 
between the hyperfine components. In solutions of low viscosity, the magni- 
tude of the hyperfine interaction with a particular nucleus is directly pro- 
portional to the density of the unpaired electron at this nucleus,!* and a 
study of the hyperfine pattern gives information on the distribution of the 
unpaired electron over the molecule. Most of the hyperfine structure 
observed in the radicals related to tetraphenylhydrazine. has been attributed 
to interaction with nitrogen nuclei (except in the radical formed when a 
solution of tetraphenylhydrazine in acetic acid is treated with a drop or two 
of concentrated sulphuric acid). The magnitude of splittings measured 
are of the same order_as those found for nitrogen splittings in other radicals 
(compare DPPH in benzene” or peroxylamine disulphonate ion™). The 
splittings due to protons in the phenyl rings of these radicals are usually 
very small and we have not observed them. The only proton splitting that 
has been observed in this study is due to the proton derived from the acidic 
medium, in the reaction between concentrated H,SO, and tetraphenyl- 
hydrazine in an acetic acid medium; even here the proton is outside the 
phenyl ring. 


The hyperfine structure spacings have been reported only for some of 
the radicals studied because of the large uncertainties involved in the overlap 
corrections when the individual components have line-widths comparable 
to the Afs separations. The hyperfine spacings in spectra, which are not 
sufficiently well resolved, are, therefore, less reliable criteria than the g-values 
for differentiation between radicals. In our investigation, we did not have 
to rely on Afs spacings for differentiation between radicals except in one 
instance, viz., the radical derived by the oxidation of tetraphenylhydrazine 
with PbO, in an acetic acid medium. It has five components and its g-value 
agrees with those of the other five-line radicals observed in this series; the 
spectrum, however, is very broad and spread over a larger region. The 
uncorrected hfs spacing of 9-1 gauss found for this radical is very much 
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different from the average of 7 gauss for the other five-line spectra. If there 
is an appreciable overlap between the components due to the larger line- 
widths of the components in this particular medium, the corrected hfs spacing 
would increase; hence, we are led to believe that we have here a radical, 
different from the radical which gives the same g-value but different Afs 
spacings. 

The line-widths and the overall spread of the spectra depend considerably 
on the concentration of the radicals and the nature of the medium in which 
the radical is obtained. Whereas the isotropic part of the g-tensor and 
hfs spacings of radicals in solutions of low viscosity depend only on intra- 
molecular interactions and are hence independent of the medium, the line- 
widths and consequently the overall spread of the spectrum depend also 
on intermolecular interactions. The interaction of the radical with its 
neighbours (lattice) decides the spin-lattice relaxation time and hence the 
line-width of the individual components. The dipolar and the exchange 
interactions that govern the line shape and the line-widths are concentration 
dependent. (It should be pointed out that in very concentrated solutions 
the hyperfine structure might be completely lost due to the phenomenon 
of exchange narrowing.) In certain cases, the lifetime of the radical itself 
is made short by fast reactions in which the radical takes part and the line- 
width becomes dependent on the rate of this reaction, which in turn is con- 
trolled by the concentration of the radical and the other reactions.24_ For 
the reasons cited above, we have not relied on line-widths in making sys- 
tematic differentiations between the radicals. The observed line-widths 
are a function of the amplitude of the magnetic field modulation and the 
overlap between the different components of the spectra. It was not 
always possible to operate at low field modulation amplitudes due to the 
low free radical concentration; in such cases the line-widths and hfs spacings 
have not been reported. 


CONCLUSION 


Tetraphenylhydrazine has been known, from the time it was first 
prepared, to undergo a variety of reactions involving free radical inter- 
mediates. We have attempted in our studies to provide positive proof for 
the formation of these radicals and to identify the reactions that may involve 
common intermediates. 


1. Among the radicals which have 3-line spectra, we have identified 
the diphenylamino radical, 
Ph. . 
ye 
Ph 
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which is obtained either by heating a solution of tetraphenylhydrazine in 
xylene or by keeping the solution for a week or by bubbling oxygen 
through it. 


2. The three-line spectrum obtained from diphenylamine, on oxidation 
with potassium permanganate [See Table I-II(2)] in an acetone medium 
cannot be attributed to the diphenylamino radical. The free radical results, 
perhaps, from the successive oxidation of the diphenylamino radical by 
excess potassium permanganate: 


Phy Oxidation PA. 
NH N 
Ph 








Ph _ 
Ph i 

9 >: Oxidation ~ 

DNH + N A » Ni it + H,O 
Ph 

Ph, . 

= eee so and other Products. 
P 





The spectrum reported by Hoskins for the radical obtained by passing oxygen 
through a hot solution of diphenylamine in a mixture of toluene and alkaline 
alcohol, and presumed to be diphenyl nitric oxide, 


Ph , 
5 
ovo 
does not agree with our spectrum and the g-values are also different. 


The nature of the radical we have observed is, therefore, not well 
understood. 


3. We believe that the asymmetric spectrum obtained by the oxidation 
of diphenylbenzidine with AgO or PbO, ina non-polar solvent [see Table 
I-III (2) and Fig. 8] is from. more than a single radical species. The 
g-value of the major three-line radical does not agree with that of the di- 
phenylamino radical, and the radical could either be Ph-N-Ph-Ph-NH-Ph, 
or the biradical, Ph-N- h-N-Ph, obtained by the oxidation of either 
one or both of the imino groups of diphenylbenzidine, Ph-NH-Ph-Ph- 
NH-Ph, respectively. The biradical is rather unlikely to be formed on 
account of the higher stability of the diamagnetic quinonoid compound, 


Ph—Na€ ~~ Sonar, 
In this connection, it may be mentioned that the carbon analogue of this 
compound, Chichibabin’s hydrocarbon, 
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is found to be diamagnetic. Hutchison and co-workers and also later 
workers have observed electron spin resonance from the solution of this 
hydrocarbon, corresponding to this hydrocarbon existing in the biradical form 


Phy P . sPh 
é—Ph—Ph—CK 
Ph Ph 


to about 4%.22 Ingram, however, observes that the signal might have been 
due to an impurity.** 


4. The radical, 
Ph Ph}* 
, ee 4 ] 

Ph” Newt” 
is formed under various conditions: (a) on heating a solution of tetra- 
phenylhydrazine in acetic acid; (6) by the ageing of a solution of tetra- 
phenylhydrazine in acetic acid; and (c) when diphenylamine or diphenyl- 
benzidine is oxidized with PbO, in an acetic acid medium. Weitz and 
Schwecten have suggested that in acid solution this radical is formed by 
the removal of an electron from a molecule of tetraphenylhydrazine; 


the resulting cation can then form a salt with the anion of the acid.? 
A molecule of tetraphenylhydrazine itself can act as the oxidizing agent: 








Ph. x /PB_ oxidation =. [ P*\ . Phy 
N — NC "| ON - 8 
Ph Ph Ph Ph 
A . 
Phy ., . /Phyt 
[ ii - NC ] An. 
Ph Ph 


The formation of this radical on keeping an acetic acid solution of tetra- 
phenylhydrazine is perhaps due to atmospheric oxidation. It is possible 
that the same radical is derived from diphenylamine and diphenylbenzidine 
in the following manner: 





Diphenylamine: 
PSNH Oxidation > 
Ph —— = 2 
Ph Ph Ph Phj+ 
- NH N — N + H 
Ph* Ph > Lr ‘ 


| Oxidation 


-H,0 
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Diphenylbenzidine : 
H H H H 
Ph — N: ; oor Ph — N- + : oe 
SO =~ H6 
co a 


H H 


; 


| 
Ph — -N—N — Ph 
| 








(#-complex) 


A similar 7-complex is at present believed to be the transition state in the 
benzidine rearrangement.** The two aromatic rings fold on each other 
and the energy difference before and after the folding is extremely small; 
and the formation of the tetraphenylhydrazinium radical is believed to be 
through a 7-complex transition state and may be compared to the reverse 
of the benzidine rearrangement. 


5. The protonated tetraphenylhydrazinium radical, 


H ++ 
Ph, . | Ph 
Ph Ph 


is obtained when a drop or two of concentrated sulphuric acid is added to 

a solution of tetraphenylhydrazine in acetic acid. 
Ph Ph eee Ph 

Nes as Oxidation \g 

N — NC a [ N 





. ~Phyt 
- iC] 
Ph. 





Ht 


Ph” Ph Ph” 


H ~ 
mh, . - gen 
Di - NC 
Ph Ph 


Oxidation 
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Ph. . Ph |. 
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6. We have not understood the nature of the radical formed when 
tetraphenylhydrazine is reacted with PbO, in acetic acid (Fig. 3); the radical 


is different from 
Phy .. . »Phyt 
N — N 
ie, Ra 


but the presence of a five-line structure indicates a >N-N< structure for 
this radical also. 


7. On atmospheric oxidation of tetraphenylhydrazine in acetic acid, 
the radical formed as the initial step seems to be different from the tetra- 
phenylhydrazinium radical, 


Phy .. ey hal 
N— N : 
[n> oe 
prolonged oxidation, however, leads to the formation of the tetraphenyl- 


hydrazinium radical. The nature of the radical formed as ‘the first step 
is not well understood. 


SUMMARY 


The free radicals obtained from tetraphenylhydrazine, diphenylben- 
zidine and diphenylamine under different conditions have been investigated 
with electron spin resonance techniques. The identification and differen- 
tiation between the radicals were done on the basis of their g-values and 
the line-widths and hyperfine structure exhibited by their spectra. The 
formation of the diphenylamino radical, 


Ph, . 
N , 
ot 
by the thermal dissociation of tetraphenylhydrazine in non-polar 
solvents has been confirmed. The same radical is obtained when tetra- 
phenylhydrazine is subjected to atmospheric oxidation in a non-polar 
solvent. The tetraphenylhydrazinium radical ion, 
Ph Phy* 
a — nf ] , 
lo Nenad 
is formed (1) when a solution of tetraphenyl-hydrazine in acetic acid is 
subjected to prolonged atmospheric oxidation, (2) when a similar, freshly 
prepared solution is heated and (3) when diphenylamine or diphenylbenzidine 


is subjected to oxidation in an acetic acid medium. It is believed that 
the protonated hydrazinium radical, 
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++ 
Poy lt 
7 nN. : 
Ph Ph 
H 


results if an acetic acid solution of tetraphenylhydrazine is treated with a 
few drops of concentrated sulphuric acid. 


During the course of this investigation, the g-value of a 0-002 M solution 
of DPPH in xylene was measured to be 2-00347+0-00004. 
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1. INTRODUCTION : 


THIs paper deals with a study of the possible helical structures that can be 
built out of polypeptide chains, consistent with the demands of stereo- 
chemistry. The stereochemical restrictions in such structures may be 
divided into two types, 


(a) those which demand that the bond distances and the bond angles 
between directly bonded atoms shali have specified values, and 


(b) corresponding lengths and angles for secondary bonds, such as hydro- 
gen bonds, shall lie within certain ranges, and similarly the contact distances 
between unbonded atoms shall not be less than certain limiting values. 


In this paper, methods are developed whereby all possible simple helical 
structures satisfying the first condition (a) may be listed and described. It 
is assumed that the atoms in the peptide residue lie in a plane and that the 
configuration is that given by Corey and Pauling. Once this is defined the 
only other restriction that enters the picture is the value of the ‘ tetrahedral ’ 
angle at the a carbon atom. This is so if the so-called R-group specifying 
the type of amino-acid residue is neglected. Thus, the attempt has been essen- 
tially to describe the single helices that can be built out of peptide residues 
neglecting secondary bond formation or steric hindrance. When the forma- 
tion of hydrogen bonds is also taken into account it can be shown that the 
well-known a and y helices of Pauling and others? come out. In fact, these 
are particular cases of slightly more general configurations. So also, it is 
found that the extended 8 structure and the pleated sheet structure of Pauling 
and Corey® are also only particular cases of a range of structures possible, 
in which every alternate residue has the same orientation (i.e., digonal helices 
with two residues per turn). The method described here could also be utilised 
for finding out the co-ordinates of atoms when the elements of a helical struc- 
ture are known from other data. 
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2. DESCRIPTION OF THE HELIX 


In an arrangement of polypeptide residues in a regular helix, it should 
be possible to bring any residue into another equivalent residue by a rotation 
about the helix axis accompanied by a translation along that axis. We shall 
indicate the values of these two for the operation of bringing a residue to 
its neighbour by a rotation ¢% (which we shall call the unit twist) and a trans- 
lation A. This operation, if repeated a number of times, would lead to a 
helical structure. The translation / is always taken to be positive (say along 
OZ) and so if % is +, i.e., it is anti-clockwise looking from Z towards O, then 
it leads to a right-handed helix, and vice versa. 


Since the peptide residue is a rigid planar structure, its position and 
orientation could be specified by the positions of the a carbon atoms at which 
they are linked to one another and the orientation of the plane of the residue 
with respect to some standard plane passing through successive a carbon 
atoms. Thus in Fig. | the group C, (H,R,)-C,’O, - - N,H, - C.(H2R2) 
joining at C, with the next residue could be represented by the line C,C, 
forming one of the links of a chain of rods arranged in a helical fashion. 
Neglecting first the orientation of the plane of the residue with respect to 
the line C,C., we shall consider the parameters required for specifying the 
configuration of the helical chain consisting of equal rods, each of length 
L equal to C,C,. The points C,, Cy, etc., occur on a continuous helix (the 
thin line of Fig. 1) which may be considered to be wound on a cylinder of 
radius R and having a pitch P. Its projection on the basal plane perpendi- 
cular to the axis of the helix will be a circle of radius R. The points C,, C,, 
etc., occur at regular intervals on the continuous helix and in the projection 


the straight lines C,C,, C,C;, etc., all subtend the same angle ¢ at 0. Clearly 
the number of links per turn of the helix 7 is equal to 27/%. If u is the tilt 
of the rods C,Cog, etc., i.e., the angle made with the horizontal, and A and / 
are its vertical and horizontal components, then the following relations are 
obtained: 


(i) h= Lsinp; 1/= Loosp 
(ii) 7 = 2R sin (5) 
ee P 
(iii) h = _ 
The number 7 defined above need not be integral for a discontinuous 


helix, like the one we are considering. Thus, given the length L of the links, 
A3 
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C2 

















Fic. | a and 16. Polypeptide helix. 


the helix requires two parameters for its specification. This could be, for 
instance, the pitch P and the radius R of the continuous helix associated 
with it or the tilt » and the unit twist 4, which is the same as the angle 
subtended by it at the centre in the projection, or the tilt » and the num- 
ber of links per turn 7. 


For discontinuous helices it is sufficient to consider the range 0 to 7 
of the angle y, i.e., the range co to2 of. This so because if % happens to be 
greater than z, it will be less than 7 when measured in the opposite sense. 
Consequently, it will be equivalent to a discontinuous helix of the opposite 
sense but with ¢ less than 7. Therefore, all possible helices made up of links 
of a definite length, say L, can be covered by considering the range 0 to 2/2 
of the tilt » and the range 0 to = of the unit twist %. The range 0 to — 2/2 
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of the tilt only duplicates what is obtained in the range 0 to 7/2. Reversing 
both » and % leads only to the same configuration. 


Considering now the full residue with its constituent atoms, further 
restrictions are brought in. Thus the angle at an a carbon atom, such as 
C,, between the bonds N,C, and C,C,’ cannot be arbitrary but must be equal 
to the tetrahedral angle, which is denoted here by a. Consequently once 
the elements of the helix (u, #) are fixed, the azimuth of the plane with respect 
to the line C,C, cannot have an arbitrary value. We shall define this azimuth 
by the angle 5 shown in Fig. 1 b, which is the angle by which the plane is 
rotated from a vertical position about the axis C,C,. The standard orienta- 
tion is taken to be that in which the bond C’O points downwards and 64 is 
taken to be positive for anti-clockwise rotation looking from C, to Cy. Actu- 
ally it is found that, given the values of » and yf, there are, in general, two 
orientations of the plane of the residue for which the angle a takes the required 
value. It may of course happen that for certain ranges of » and %, the angle 
at the a carbon atom can never be made equal to the required value, so that 
such helices cannot occur for poplypeptide residues. When the two possi- 
bilities do occur for a definite (u, 4), these two are not equivalent and should, 
in fact, be considered as different possible structures. Consequently from 
the structural point of view the more important parameters are, p» the tilt and 
5 the azimuth of the plane of the residues. So also it is found more convenient 
touse the angle between the projection of two successive elements (for example, 


the angle C,C,C, in Fig. | a), rather than the angle % to specify the helix. 
The relation between these is ¢=a2—%. Consequently n = 2m (x — 4). 
Hereafter we shall only use » and ¢ to specify the discontinuous helix. The 
sign of @ is taken to be the same as that of #. 


Now, if « and 6 are given, the elements of the helix (u, ¢) are not uniquely 
fixed. In fact, two helices can be constructed, one of which is right-handed 
and the other is left-handed. However, we shall restrict ourselves to helices 
of one hand, say all right-handed, i.e., corresponding to ¢ positive. Then 
the complete range can be covered by considering the range 0 to 7/2 of the 
tilt » and the full range — 7 to + 7 of the azimuth 6. All other possibilities 
of 4, 5 and ¢ are then either the duplicates of those contained in this range 
or only enantiomorphs of these, i.e., left-handed helices. The relationship 
between these three parameters is shown in Fig. 2 which is a surface in three 
dimensions and whose equation is the relationship between pu, ¢ and 8. The 
diagram has been drawn corresponding to the calculations made by the author 
for some sections of the surface taking the angle at the a carbon atom (a) 
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Fic. 2. A surface in three dimensions representing the relationship between the parameters 

5, @ and w of a helical structure. 
to be 110°. It will be seen that the angle ¢ has an upper limit namely 119° 
so that should be less than 360/61 ~6. Consequently, all helices composed 
of amino-acid residues must have their number of residues per turn between 
2and6. So also there is an upper limit 72° 30’ for the tiltu. In this diagram 
only the shaded quarter need be considered for working out the full range of 
configurations. All the helices in this range are right-handed ones. If either 
& or w is made negative, we get left-handed helices. The relation between 
equivalent helices in the different ranges is shown in Table I. Here the symbol 

TABLE [ 

Relation between equivalent helices 














Sign of Relation to helices 
~ in the positive 
m db range of u 
-ve -+ve H.. (j |, 5) 
—ve +ve H_(| |, 7+ 8) 
+ve —ve H_ (|u|, — 4) 
—ve —ve H.. (| # |, 7 — 8) 
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H(p, 5) is used to denote a helix having the values yw and 6 for tilt and azimuth, 
these two parameters occurring in the quarter shaded in Fig. 2. Since the 
helix is right-handed, i.e., positive, itis denoted by H.(y, 6). The symbol 
H_(u, 5) would mean that the co-ordinates of the atoms are the same, but 
they refer to a left-handed co-ordinate system, i.e., it is a left-handed helix, 
which is the enantiomorph of H(p, 5). 


In what we have discussed above, the residue itself has been considered 
to be a planar structure without asymmetry. Thus the orientation of the 
remaining two groups A and R at the a carbon atoms is left unspecified. 
Both the configurations which are usually denoted by LZ and D could occur 
and they would obviously correspond to different structures, although p, 6 
and @ are the same. To distinguish between these, we shall add another 
suffix Z or D to the notation for the helix. Thus for a given yp and 6 there 
are two right-handed helices A; (u, 5) and Hp, (yu, 5) and two left-handed 
helices Hy_(p, 5) and Hp_(p, 5). It is obivous that Hp_(p, 5) is the enantio- 
morph of Hy, (u, 5) and correspondingly Hp, (u, 5) is the enantiomorph of 
Hy-(u, 8). 

3. PossiBLE HELICES SATISFYING THE FIRST CONDITION (a) 


In Fig. 3 the dimensions of the backbone of a single residue 
(-C, . C,'O, . N,H, - C,-) have been drawn to scale for the co-ordinates 








‘ey 


Fig. 3. Definition of various angles connected with the peptide residue. 


given by Corey and Pauling'. The directly bonded atoms are jointed by lines. 
We are interested in the distances of the various atoms in the residue from 
the a carbon atom C, and angles between the lines joining them to C, and 
the line C,C,. These are marked in Fig. 3 and their values are given in Table I] 
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TABLE IT 


Distances of the various atoms in the peptide residue (Fig. 3) from C, and the 
angle made by these lines with the line CC. 








Sl.No. Atoms Lengths Angles 
| C,C; 3-79A 
2 cL.’ 1-53 A ee = 22° 
3 C0, 2:-41A €, = 48° 15’ 
4 C.N, 2-39A & = 8° 
5 C,H, 2:55A &, = 31° 15’ 
6 C.N, 1-47A €, = 13° 





(The angle « is taken to be positive if measured in the anti-clockwise direction 
from CC.) 

[t would, of course, be useful if the full range of » and 5 were covered 
in working out the co-ordinates of the various helices H (p, 5). However, 
this would be a laborious task, and therefore only certain sections of the 
surface in Fig. 2 have been worked out in full in this paper, and in doing so, 
the requisite techniques of calculation have been developed. The three 
types of sections studied are: 

(A) 5 = constant, = 0 or 180°, which corresponds to the types of helices 
worked out by Pauling and others? and includes the a, y and = helices; 

(B) é = a constant, = 0°, which corresponds to the digonal helical 
structures. They have a two-fold screw axis of symmetry. Particular cases 
are the extended and the pleated sheet configuration of Pauling and Corey; * 
and 

(C) » =a constant, = 50°. This value was chosen, as this corresponds 
to a residue repeat of 2-90 A, close to the residue repeats of collagen and 
polyglycine II. 

These three ranges studied are marked as the A, B and C series in 
Fig. 2. 


4. CYCLOGRAPHIC PROJECTION APPLIED TO THE PRESENT PROBLEM 


In making the calculations, the cyclographic projection was found to 
be very useful, This projection is closely related to the stereographic projec 
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tion. In a stereographic projection, a crystal face is represented by its 
pole (i.e., the point at which the normal to the face intersects the unit sphere). 
In the cyclographic projection, on the other hand, it would be represented by 
the trace of the great circle, parallel to the crystal face (i.e.) by the great circle 
at right angles to the stereographic pole. Since a face is now represented 
by a great circle, the method is specially applicable to problems in which it 
is necessary to reproduce in projection, lines drawn on the crystal face. These 
would now be represented by points occurring on the great circle. 


More generally, we may represent any plane (e.g., the plane of the peptide 
residue) by a great circle and the orientation of the lines drawn in this plane 
(such as the lines C,Q,, ..., C,H, and C,N,) could then be represented by 
points on this great circle, the angular distance between representative points 
along the great circle in the cyclogram being equal to the angle between the 
corresponding lines on the plane. 


In this study the axis of the helix is taken perpendicular to the plane of 
projection. If is known, the direction C,C; is fixed, while the plane of the 
peptide is a great circle passing through this point. The previous residue 
is obtained by rotating the whole configuration through an angle — % about 
the centre (e.g., CoC, of Fig. 4). For different values of 4, it is possible to 





Bo 
Fia. 4. Cyclogram for 8 = 0°. 


read off the angle between the bonds NoC, and C,C,’ which should be equal 
to the tetrahedral angle a. Constructions were made with a 30cm. Wulff 
net. Angles could be measured accurate to a quarter of a degree, 
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5. RESULTS 


Configurations with Peptide Plane Parallel to the Helical Axis (Series A with 
5=0 and 180°) 


(a) Determination of 4 for various tilts——Here 5 = 0° corresponds to 
the C=O group pointing down and 65 = 180° to the group pointing up. 
Taking the first series, measurements were started with C,C, horizontal ; which 
was then tilted up at intervals of 5° and measurements were made for each 
tilt. Figure 4 is the cyclogram of a typical case with » = 50°. The directions 
of all the lines (C,N,, C,C,’ ...) in the first residue would now occur on 
the meridian through C,C, represented by the horizontal line A,B, in the 
stereogram. In particular, the bonds N,C, and C,C,’ occur at latitudes 
b— ey’ =n — 13° and w — ev =p — 22° on this line. Considering the 
residue C,C, previous to C,C., its plane would be represented by another 
meridian A,B, at an angle — % to A,B,. We are interested in the “ tetra- 
hedral”’ angle between C,N, and C,C,’ and this angle should be equal to 
110°. C,N, can be obtained from the corresponding bond C,N, (which 
is in the direction exactly opposite to N,C.) in the first residue, by rotating 
it through an angle — %. Thus the method of fixing % (or ¢) is as follows. 
A circle is drawn with O as centre and radius equal to the distance C,N, 
from O and the angular distance (along a great circular arc) of the various 
points on it from C,C,’ is measured. That point for which this is equal to a 
gives the orientation A jB, of the previous residue. It is obvious that there 


will be two settings C,N, and C,N, symmetrically situated with respect 
to the plane A,B, for which the angle a is equal to the required value. These 
correspond to right-handed and left-handed helices respectively. Since we 
shall be dealing exclusively with right-handed helices for which ¢% is positive 
or anti-clockwise, only the setting C,N, which is to the left of C,C, need be 
considered. 


Thus for different values of » the plane AoBy is determined and the angle 
between A,B, and AgBp (i.e., the angle B,OA») is measured. This gives 
¢ =a — #, and hence the number of residues per turn n = 22/2 — ¢. 


This process was carried out, starting from » = 0° and increasing the 
tilt until 6 = O°, i.e.,7 = 2. A value of 110° was first taken for the “tetra- 
hedral” angle and for this angle the maximum possible value of » was 723°. 
The same procedure was repeated with two other values of a, viz., 105° and 
115°. The relation between the tilt ~ and angle ¢ is shown graphically in 
the three upper curves of Fig. 5 corresponding to the three values of a. Similar 
measurements were also made with the peptide turned through 180°, i.e., 
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with C =O pointing up. But they were made only for 2= 110°. The 
data thus obtained are shown in the lower curve of Fig. 5. 


80r 


70 


VHEL ix 











Fic. 5. Variation of @ with » for 8=0 and 180°. 


Along the co-ordinates of Fig. 5 are also marked n, the number of residues 
per turn, and A, the vertical height of the residue. 


(b) Discussion of the curves.—It will be noticed from Fig. 5 that the turn 
ratio n for the same value of the tilt depends on the bond angle at the a carbon 
atom. In general, m decreases as ais decreased. The three curves for values 
of a changing by 5° are seen to be closely similar, the separation between any 
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two being practically a constant. I[t is because of this that for the second 
range, calculations were made only for one value of a. In fact, for all the 
results described in the succeeding sections, only one value of a, viz., 110° 
was used. 


[t will be noticed that for both 6 = 0° and 180°, the maximum tilt occurs 
when ¢ = 0°, 7.e., 7 = 2. In the first case this maximum value of pu is 724° 
while for the second case it is only 374°. The former corresponds to the 
fully extended f-structure with a length of 7-23 A for two residues and the 
atomic positions are drawn to scale in Fig.6a. The latter may be obtained 
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Fic. 6a. Fully extended 8 structure. Fic. 6b. Bent £ structure. 


from this by rotating both the residues at the a carbon atom through 180°. 
This is a highly bent structure (Fig. 6b) with a repeat of only 4-61 A for 
two residues. It has very short contacts between atoms in the neighbouring 
residues and is therefore not possible for an actual structure. The entire 
range of configurations for n = 2 lies betwen » = 374° to 724°. In the next 
section the stereochemically possible ranges and the co-ordinates of the atoms 
for this type of digonal structure will be discussed. 


The maximum possible value for ¢ when 6 = 0° or 180° is a, the “‘tetra- 
hedral” angle. Therefore % minimum is 70° and the maximum possible number 
of residues per turn is m,,, = 5-14. The lower curve for 5 = 180° does 
not really have a maximum value, for it could be considered as a continuation 
of the upper curve for negative values of pu. 
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It is likely that actual structures do not take up all the configurations 
contained in the two curves in Fig. 5. We shall onthe other hand consider 
which of these would be favoured if the condition that a hydrogen bond of 
length about 2:75 A should be formed between NH and CO groups. The 
range is then considerably reduced. 


Considering first the curve for 6 = 180°, the configurations in this case 
are all closely similar to the a helix. The a helix itself has a value 3-6 for 
n with a = 110° and has a practically straight hydrogen bond with the 
N—H ...O length equal to 2-75 A. However, if a slight variation in the 
‘* tetrahedral”? angle from 105° to 115° is allowed and a short range in the 
neighbourhood of 2:75 A for the hydrogen bond length is also permitted, 
then the range 7 = 2 to 4-4 of the lower curve can be utilised to form a 
helical structure in which a residue is hydrogen-bonded to its Ist, 2nd, 3rd, 
or 4th neighbour. The helices with n = 4-3 and 4-4 have been described, 
and are known as z-helices.* Other helices in the neighbourhood of n = 2-2 
and 3-0 have also been described by Donohue,® who has also compared the 
stability of these helices. 


Considering the upper curve (6 = 0°), the y helix of Pauling and others? 
belongs to this range with n = 5-14. Since 7m is nearly 5 for most of the 
region in the curve (5 = 0°), it is not possible to have other helices of this 
type with an internal hydrogen bond and this is the only possible helix 
with probably a small possible change in 7» by varying the “tetrahedral angle’ 
a, By the time 1 approaches 4, the pitch of the helix is larger than 12 A 
and so no hydrogen bonds can be formed. 


It may be mentioned that the discussion here is restricted to configurations 
with 5 = 0° or 180° (i.e., with the peptide plane exactly vertical). There 
is no stereochemical reason why this should be so, and if this restriction is 
removed, it may perhaps be possible to have hydrogen-bonded helical struc- 
tures over a wider range of values of 7 than what has been stated above. This 
aspect has not yet been fully studied. 


(c) Derivation of the co-ordinates.—Once the elements of the helix » and 
# are known, it is only necessary to know the co-ordinates of the atoms in 
any one residue to completely specify the structure. The position of any 
atom, e.g., N is given in terms of its cylindrical polar co-ordinates ry, Oy and 
zy with OZ as z axis and OC as the initial position in the perpendicular 
basal plane (Fig. 7), where C is the corresponding a carbon atom (e.g., C, 
for the residue C,C,). Figure 7 is actually drawn for a general orientation 
of the peptide (6 other than 0° or 180°). When 6 = 0° or 180° all the atoms 
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Fic. 7. Basal projection of polypeptide helix. 


will lie in the projection on the line C,C, (projected line of C,C,). The letters 
with bars over them indicate the positions of the atoms in the projection. 


[f ly ( = C,N,) is the projected length of C N in the basal plane for a_parti- 
cular pw, then 


ly = Ly cos (u + €n) = Ly COS fy 


where py; = €y +p and Ly is the actual distance between C, and N, in the 
peptide plane, given in Table II. The three cylindrical co-ordinates can then 
be obtained in terms of R, the radius of the cylinder on which the a carbon 
atoms lie, /,, the projected length of C,N, and L, the projected length of C,C,. 
Thus ry is given by 


ry = Vly? + R?— ly. 1. 





The angle 6, measured from OC, in the projection is given by 


ly sin § 
6, => sin7} — e 
rn 


The height zy is given by 


zy => Ly sin Ln. 
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Similarly the co-ordinates of the other atoms can be obtained. The values 
of r, 9 and z for all the atoms in the peptide residue are plotted in Figs. 8 
(a and 5) against the tilt for a range covered by the curve for 6 = 180°. They 
correspond to the a series of helices with the range 4-5 to 2 for n. 
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Fics. 8 a and 5. Variation of r, 9 and z with u for the a series. 
6. CONFIGURATIONS FOR 17 = 2; B STRUCTURES 


(a) Determination of 5 for various tilts —For ¢ = 0°, i.e., n = 2, it has 
been pointed out in the previous section, that the tilt ranges from p = 374° 
to 724°. Over this range the azimuth 6 would continuously change from 180° 
to 0°. Corresponding to a tilt », there will be a definite value of 5 which can 
be determined as follows: 


Corresponding to a particular value of yw, the pole of the peptide residue 
is on the great circle AB of Fig. 9, the angle 6 being measured from the point 
A. Theline C,C, is represented by the point C,C,. For the different azimuths 
the two directions C,C,’ and N,C, would lie on small circles with C,C. as 
pole and radii equal to «~ and ¢’y. For 6 =0° they lie on the meridian 
through C,C,. For a value of 6 = 60° (say), the pole of the peptide plane 




















Helical Conformations of Polypeptide Chains 311 


B 





{Nc by | 






Cj ce 
(ere 













o*C,No (1) 
2C,C, 


Fic. 9. Cyclogram for ¢@ = 0°. 


is represented by P(l) in Fig.9. The great circle corresponding to the peptide 
plane is EF whose pole is P (1) and the lines C,C,’ and N,C, are now repre- 
sented by points on this great circle, and are marked as C,C,’ (I) and N,C, (1). 
Since we have definitely assumed that 46 = 0° (or %= 180°) the previous 
residue would have its pole CyC, on the same meridian as C,C, but on the 
opposite side. Therefore C,Cy would occur at the same point as C,C, but 
below the plane of the paper. Consequently the direction C,Ng will also lie 
on the dotted circle shown in Fig. 9 with C,C, as pole, and it would coincide 
with N,C., but would lie below the plane of the paper. 


The problem is to determine the value of 6 for which the angle between 
C,No(1) and C,C,’ (1) is equal to 110°. As 4 is varied, the angle between 
C,N, and C,C,’ will change and for the particular example shown in the 
diagram (i.e., for ~ = 67°), the angle is 110° when 6 = 60°, as indicated. 
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More generally, for each value of uv, the position of the pole of the peptide 
on the great circle is determined for which C,C,’ and C,Np (which correspond 
to the intersection of the corresponding peptide plane with the two small 

cles) are at an angle of 110°. 


If P is taken at — 5, which is equivalent to choosing the pole P (2), the 
relevant directions in the plane are now represented by C,C, (2), NyCz (2), 
C,Npo (2) in the great circle E’F’. 


Once again it will be seen that the angle between C,C,’ (2) and C,No (2) 
will be the same as the angle between C,C,’ (1) and C,No (1), considered 
earlier. Since ¢ = 0° or % = 180°, this is not a different helix, but may be 
seen to be equivalent to the former one, but going in the opposite direction. 
However, this second great circle has its other pole at P (3) which is opposite 
to P (2). Corresponding to this, the bond directions C,C,’ and C,No occur 
at C,C,’ (3) and C,Np (3), and the angle between them is not the same as that 
between C,C,’ (1) and C,No (1). This shows that 6 and 180 — 4 are not 
equivalent, although + 6 and — 6 are. Hence, the whole range 0° to 180° 
of 5 will have to be studied. 


The above method was used to determine the values of 5 corresponding 
to various values of the tilt x. The graph connecting 6 and p is shown in 
Fig. 10. 
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(b) Discussion of the B structures.—As already pointed out in the previous 
section, the polypeptide chain is fully extended when p = 724° (for 5 = 0°) 
and is buckled when pp = 374° (for 6 = 180°). The latter position is obviously 
impossible (Fig. 65). The fully extended chain is quite satisfactory so long 
as only a single chain is considered. But if hydrogen bonds of the type 
N—H...OC have to be formed between chains arranged side by side, then 
if the chains are all parallel, the bonds cannot be straight, the angle between 
NH and NO being more than 30°. Even then only glycine can be accommo- 
dated in the side-chain. On the other hand if alternate chains go in opposite 
directions, as in the so-called anti-parallel structure, then good hydrogen bonds 
can be formed, but there are short contacts between the a carbon atoms if 
5 has a value 0°, i.e., the chains are completely flat. If the chains are allowed 
to buckle slightly (6 is allowed to have values in the range 0° to 90°), hydrogen 
bonds can be formed between either parallel or anti-parallel chains. Thus 
for example, when 5 = 67° (or h = 3-5 A) for polyglycine, there is no steric 
hindrance between parallel or anti-parallel chains and good hydrogen bonds 
can be formed in both cases with anti-parallel chains giving a more linear 
hydrogen bond. 


Thus the steric hindrance between the side-chains may be relieved by 
allowing the chains to buckle according to the size and chemical nature of 
the side-chains and an appreciable range of repeat distances can be obtained 
with acceptable hydrogen bond configuration for both parallel and anti- 
parallel chain configurations. Actually this range of repeat distances was 
found to be c =6-25 to 7-00 A for both the parallel and anti-parallel arrange- 
ments. These may be defined as the B type of structures. The corresponding 
change in » is from 55° to 67° and in 6 from 60° to 100°. 


The ideal pleated sheet configuration described by Pauling and Corey 
corresponds to 5 = 90° and c= 6-5 A. The other pleated sheet configura- 
tion described by them is c=7-0A for 5 = 60°. 


(c) Derivation of the co-ordinates.—In each case the positions of the poles 
C,0,, C,C,’, etc., were noted. These could be obtained by drawing small 
circles corresponding to € 9, «, etc., about C,C,. The inclinations (po, pi’, 
etc.) of the lines C,O,, C,C,’, etc., to the basal plane could be directly 
read off from the net. Thus for example if wy is the inclination of C,N,, 
then the projected length of C,N, on the basal plane is given by 


C.N, = ly = Ly COS py. 
The height above the basal plane is given by 


4 = Ly sin Ln. 
A4 
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The azimuthal angle between C,N, and C,C, (Fig. 7)can also be measured 
from the net and is denoted by Ay. Similarly, these three quantities /, z and 
A were obtained for the other atoms. 


When ¢ = 0° (n = 2), the structure is a digonal helix and therefore it 
is convenient to obtain the positions of the atoms referred to a rectangular 
co-ordinate system. The z-axis is taken to be parallel to the axis of the 


helix and passing through C,. The x-axis is taken to be along C,C,. The 


y-axis is perpendicular to C,C, at C, such that x, y, z form a right-handed 
system. Then the rectangular co-ordinates of any atom (say N;) are then 
given in terms of zy, /y and Ay by xy = /y COS Ay, Yy = Wy sin Ay, Zy = Zy. 


The x, y and z co-ordinates for the range from p = 50° to 724° are given 
in Fig. 11. The co-ordinates of the atoms of the backbone are given in 
Table III for some f structures. The hydrogen-bond lengths, angles and the 
stereochemically possible 8 structures, both for the parallel and anti-parallel 
arrangements, are being worked out and will be reported later. 


7. CONFIGURATIONS FOR CONSTANT TILT AND VARYING 5 


(a) Determination of ¢ for various 5 (u = 50°).—In this case the peptide 
link C,C, was maintained at » = 50° and the peptide plane was rotated about 
C,C, over a full range, viz., — 180°< 8 <180°. The variation of the number 
of residues per turn 7 (or 4) with the azimuth 6 of the peptide plane was calcu- 
lated. The plane was initially kept parallel to the helical axis and then 
rotated about C,C, both in the anti-clockwise (+ 5) and clockwise (— 8) 
directions. For this particular value of », the magnitude of 8 has an upper 
limit 117°. So, measurements were made for values of 5 at intervals of 10° 
over the range —117°<8<117°. As will be seen from Fig. 5, 5 can have the 
full range — 180° to + 180° only for values of u less than 374°. The method 
of obtaining the angle ¢ for given pw and 6 is as follows: 


With » = 50°, the pole of C,C, is plotted first (Fig. 12). Small circles 
corresponding to the angular values of «~ and e’y can be drawn about the 
pole C,C,. For convenience, the small circle ¢’y is drawn about the pole 
opposite to C,C, in Fig. 12. The locus of the pole of the peptide for various 
values of 5 will be the great circle AB. The great circle is divided into intervals 
of 10°. For each of these poles, the corresponding great circle of the 
peptide plane is traced. In each case the intersections of the small circles 
with the great circle of the peptide plane should give the points represent- 
ing C,C,’ and C,N, for the azimuth 6 of the peptide. 
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Fig, 11. Variation of x, y and z with uw for the 8 series. 
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TABLE IIT 


Atomic co-ordinates for the backbone of some 8 structures 


(These have been calculated from the value of c for an ideal structure) 


(a) Stretched pig bristle: Fibre repeat c = 6:62 A(é = 86°) 





Atom 





=z ZO 


= 


© 


0-00 
0-74 
0-95 
1-15 
0-95 
1-90 


0-00 
0-58 
1-78 
—0-35 
—1+34 
0-00 


os 


0-00 


1-22 
1-35 
2-06 
1-95 
3°31 





(b) B-poly-y-methyl-L-glutamate: Fibre repeat c = 6°84 A (8 = 73°) 








Atom x y Zz 
C, 0-00 0-00 0-00 
C,’ 0-75 +0-55 1-20 
oO, 1-125 +1-65 1-20 
N, 0-99 —0-35 2-15 
H, 0-65 —1-30 2:13 
Cc, 1-70 0-00 3-42 





(c) B-polyglycine: Fibre repeat c = 7-00 A (6 = 60°) 








Atom x y Zz 
C; 0-00 0-00 0-00 
C,’ 0-82 0-50 1-20 
oO; 1-46 1-58 1-15 
N, 0-77 —0-30 2-24 
H, 0-23 —1-15 2-24 
Ce 1-49 0-00 3-50 
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Fic. 12. Cyclogram for » = 50°. 
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As an example, let us consider the plane rotated through 6 = 70° (Fig. 12) 
the pole being at P, 70° from A. The great circle representing the peptide 
plane for this pole Pis EF. There are two sets of points C,C,’ (1) C.N, (1) 
and C,C,’ (2) and C,N, (2) given by the intersections of this great circle with 
the two small circles. These two sets correspond to the positions obtained 
by rotating the plane through 5 (= 70°) and 180 + 8 (= 250°) which is the 
same as taking 3 = 70° in the anti-clockwise direction and 6 = — 110°, i.e., 
110° in the clockwise direction. One is obtained from the other by turning 
the plane through 180° about C,C,. The corresponding pole of the peptide 
plane in the second position is P (2) at8= — 110°. 


The problem now is to find how much the previous residue C,C, is to be 
rotated away from C,C, so that the angle a becomes equal to 110°. As already 
pointed out, if the peptide planes should form a helical structure then the 
normals to these planes should make the same angle with the axis of the helix, 
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Therefore the plane C,C, should also be rotated through 8 = 70° or — 110° 
as the case may be from the vertical position. 


Therefore C,N, will lie on a small circle with O as centre and passing 
through the representative point of C,N, as shown in Fig. 12, i.e., it must 
lie on the small circle 1 for 5 = 70° and on the small circle 2 for ’= — 110°. 
Now it is only necessary to find the points on these two small circles 1 and 2 
which are at 110° from C,C,’ (1) and C,C,’ (2) respectively. These are marked 


in Fig. 12 and the values of ¢ in each case can also be directly read off on 
the Wulff net. 


The above procedure was repeated for the whole range of 5 and in each 
case the value of 4 was noted. The graph connecting the azimuth 8 with 
¢ (and 7) is shown in Fig. 13. 
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(b) Discussion of the graph.—The upper part corresponds to positive 
values of 5, i.e., to anti-clockwise rotations of the peptide plane from the 
vertical standard position with C =O pointing down, whereas the lower 
part corresponds to clockwise rotations. In the helices corresponding to 
the upper part (5 positive) the C = O group points away from the axis of 
the helix, while in the case of helices with 5 negative, the C = O groups point 
inwards towards the axis. Thus for a particular tilt uy, there are two helices 
with the same number of residue per turn corresponding to the clockwise 
and anti-clockwise rotations of the peptide with respect to C,C,, in one of 
which the CO groups are turned inwards, while in the other, the NH groups 
are pointing inwards. 


This means that, in general, for a particular orientation of the peptide 
with respect to the helical axis there are two different helical configurations 
one with C’ atoms near the axis and the other with N atoms near the axis 
of the helix. These correspond to two values of 5 separated by 180°. The 
two configurations mentioned by Crick and Rich® for polyglycine II, which 
correspond to » = 54°30’ and 5 = 90°, have this type of relationship. If 
imino-acid residues like proline or hydroxyproline residues occur, the con- 
figurations with N atoms near the axis are not possible. The polypeptide 
chain configurations in poly-L-proline II,’ poly-L-hydroxyproline A® and 
polyglycine II® are very similar and the point P marked in Fig. 2 is close to 
the above structures. 


The maximum possible value of 5 for a given value of yu is determined 
by the value of the angle a. In the present case where a = 110°, the maximum 
value for |8| is 117°. Because of this, it may not always be possible to have 
two structures in which the peptide is reversed with respect to each other, 
e.g., in the above case of « = 50°, if |8] < 60°, the second corresponds to 
|5| > 120° and is therefore not possible. 


(c) Derivation of the co-ordinates.—For each value of 5, the positions of 
the points C,0,, C,C,’, etc., were noted as in Sec. 6(c) and the inclinations 
of the lines C,O,, C,C,’, etc., were directly read off, on the Wulff net. As 
mentioned in Sec. 6 (c) the values of /, A and z for each atom were also obtained. 
The absolute values of /, A and z will be the same for both positive and negative 
values of 5. But in the projection the positions of the atoms in the two cases 
will be related by a reflection about a vertical plane through C,C,. The three 
cylindrical co-ordinates r, 9 and z can then be obtained in terms of R (the 
radius of the cylinder on which the a carbon atoms lie) /, A and z from equa- 
tions similar to the ones given in Sec. 5(c). As anexample, the values of r, 
6 and z for all the atoms in the peptide residue are plotted in Figs. 14 (a and b) 
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against the azimuth — 5. These correspond to the series of helices in which 
the CO groups point inwards. 


8. CONCLUSIONS 


We have considered above methods whereby, when the tilt » and one 
other variable (either 8 or 4) is given, the remaining parameter can be deter- 
mined. This method could be extended to cover the complete range of 
possible values for these quantities, but this is not reported here, since the 
attempt has been essentially to develop the methods for such a study. We 
have, however, obtained a knowledge of the nature of the relation between 
the three variables, viz., the surface shown in Fig. 2. This corresponds to 
a value of 110° fora. For a = 105° and 115° two similar surfaces one within, 
and the other enclosing the surface for a = 110°, will be obtained. 
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As was mentioned in the introduction, the attempt here has been mainly 
to list the possible configurations of single helices. Some ranges of these 
are immediately ruled out because of short contacts between atoms in the 
single chain itself. The next step is to consider the formation of stabilizing 
secondary bonds. These could be between residues within the chain itself 
or with other chains. Restricting ourselves to the former type, the bonds 
NH....OC (hydrogen bonds) may be nearly parallel to the helical axis or 
they may go across the centre of the helix and link with a group on the opposite 
side. A consideration of the former leads to the whole a series for which 
may range from 2:2 to 4:4 and y series with n near about 5. The latter 
seems to be impossible if only helices with every residue identical in its rela- 
tion to the helical axis are considered for all the N—H’s or all the C=O’s 
will be pointing in, so that an N—H cannot link with aC = O across the 
axis of the helix. It will be worthwhile therefore to consider helices with 
a “helix repeat’? of 2 residues. The particular case of such helices are the 
series of 8 structures, with residue repeat ranging from c = 6:25 to 7-00. A. 


So also, if interchain bonds are considered with other than digonal struc- 
tures, once again two classes arise, viz., between helices wound on the same 
cylinder, that is with coincident axes, and helices with non-coincident axes. 
The former is not very difficult to work out and it appears that for polypeptides 
it is practically ruled out except perhaps for the extreme limit 7 ~ 5,h ~2 A 
which is possible only if the tetrahedral angle is everywhere made about 
115°. The latter would lead to coiled coil structures in generalif m is non- 
integral. Some of these considerations are under study in this laboratory but 
they are beyond the scope of this paper. 


The author wishes to express his grateful thanks to Prof. G. N. Rama- 
chandran for the invaluable suggestions he gave during the course of this 
study. His thanks are also due to the Government of India, for the award 
of a research fellowship, during the tenure of which the work was carried out. 


SUMMARY 


It is shown in this paper, how simple polypeptide helices for all possible 
orientations of the peptide residue with respect to the helical axis can be 
obtained by the method of cyclographic projection. The cyclographic 
projection is actually applied to three cases and the results are described. 
It is also shown that the celebrated a helix and the other helices, described so 
far, are particular cases of slightly more general ones. So also it is found 
that the extended § structure, and the pleated sheet structure of Pauling and 
Corey, are also particular cases of a range of structures possible, in which every 
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alternate residue has the same orientation (i.e., digonal helices with two 
residues per turn). The method described here can also be used to find out 
the co-ordinates of atoms when the elements of a helical structure are 


known from. other data. 
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ABSTRACT 


A new formulation of the electromagnetic interaction between 
charges is given using a relative interaction Lagrangian formalism. This 
leads to all the well-known effects in current electricity, but predicts, in 
addition, a variation of inertial mass with potential. In the analogous 
equations written for gravitation also, the inertial mass is changed by the 
potential energy. These equations are found to explain the gravitational 
phenomena usually explained by general relativity, namely, the precession 
of the Mercury perihelion, gravitational deflection of light and the red- 
shift. The agreement between theory and: experimental observations is 
fair. The results are incorporated in Table I. 


1. INTRODUCTION 


IT is well known that we can start from a Lagrangian for the motion of a 
charged particle moving in a given electromagnetic field and work out the 
dynamics of its motion. Suppose the field is generated by the motion of 
a neighbouring charge, and we neglect retardation and back interaction, 
then the equations of motion lead to well-known effects in current electricity 
(such as magnetic force, induction by relative motion and acceleration). 
It is, however, possible to develop an alternative formulation in which the 
interaction part of the Lagrangian is dependent upon relative co-ordinates 
such as relative position, relative velocity, etc. This is worked out in this 
paper. It is found to lead to exactly the same magnitudes for all the usual 
effects in current electricity as the ordinary theory, except for terms of the 
order of v?|c? which are negligible for current electricity. However, it leads 
to a variation of the inertial mass of the particle with its potential energy. 
Several interesting consequences arise from this new aspect of the theory. 
Thus, the equation may be adapted for gravitational fields, when it is found 
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to explain fairly well the precession of the planet Mercury, the deflection 
of light due to gravitational masses, and the occurrence of a red-shift. 


In this paper we mainly deal with the results that are obtained from 
the approach in which one starts with a Lagrangian in which the interaction 
part depends only upon relative quantities. The arguments leading to 
this and related problems in current electricity will be presented in a sub- 
sequent paper from this laboratory. 


2. FORMULATION OF THE PROBLEM 


The usual Lagrangian is given by (Goldstein, 1953) 
es ci 
L=T+—A.¥ e,P (1) 


where ¥2, @, represents the velocity and charge of the second particle. If 
the field isegenerated by a charge e,, and if the retardation effects and back 
reaction are neglected, then 


a. eee a 
eae ees (2) 


where r = |r, —r, |. Substituting in (1) and writing the equation of motion, 
we have 


d C102. , C12 P . , 
(m2¥s) = += + -9-3| » (V2.7) —F(¥, .¥.) — v, (Vv, . F) 
“"S 2 22 - 2. “eg 1 SS. 
at wpa cr (b) (0) (a) 
.. $82. i 
cr ‘ (3) 


(e) 


In this (a) represents the electrostatic force. (6) and (c) together represent 
the magnetic (Lorentz) force. (6) and (d) together give the effect of induc- 
tion by relative motion and (e) the induction by acceleration of the particle 
producing the field. 


Let us now take a Lagrangian in which the interaction part is purely 
relative,* as 


L=T+ Line (4 a) 


* The arguments leading to such a formulation will be given in a subsequent paper 
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where 


Q:e, 12e,@... 
LL. = rr 2c, ys (4 b) 


— 


and v = vy, — »,, the relative velocity of the particles. The equation of 
motion can be written as 


d ; Gia. . Cite . ‘. : 
i (m.¥.) = —_° * + 0 (v, . 7) — F(v, . v2) — v, (vy, . #) 
t Oty «=O SF (b) (c) (a) 
Pe: Co. ; i & Co. , 0s a 
a "9, Vo t+ 9-9 ¥2(¥, . P) 
c#r(y' CT ig CP gy 
1 eC. o l ee C12 
223 6 12 .. a0 L B 
} — 2S y,2 Pp + = yop — v, (v2. F). (5) 
23~2 “1 2-23 “4 
2 c#r?in) 2 c#r? (3) c* 2p2 (x) 


Terms (a), (b), (c), (d) and (e) are the same as before and represent the effect 
of current electricity. The new terms are (/), (g), (4), (j) and (k). We can 
show that if the particles form current-carrying closed circuits, then all these 
vanish when summed over the whole circuit except (h). 


To start with, let us suppose that | is circuital and 2 is just an element. 
Then, since every element of | is electrically neutral, the terms (/), (j) and 
(k) vanish since the velocity of 2 alone is involved. (g) vanishes when 
integrated around |. To see this, consider Fig. 1. 





viz 
‘. 


Fic. 1. Schematic diagram indicating the velocities (circuital) and ¥,. 
Here, 
vids, — | vy; | ds;. 


Hence, 


$: cies va(v, . #) ds, oa v21%| Bi grad (; ): ds, 


amin ff and grad (- ): d= 


= 0. (6) 


| 
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Term (h) can be shown to be negligible. 


The order of the drift velocity responsible for ordinary currents of the order 
of 10 amperes/sq.mm. is very small. It is 


PaaS current 
1“ charge X number density of electrons 





- 10 x 10? 
10 x 10-* x 1078 





,cm. 
~ 10-1? —— ay (7) 
Thus, v,2/c? is of the order of 10-2*, and the term (A) is negligible compared 
to the electrostatic term (a). Thus, all the new terms vanish when we make 
the velocity v, circuital and v, is small compared to c. 


The terms (f) and (k) together can be brought to the left-hand side 
of equation (5) when this becomes 


d Lo 

Si (mm — Set) v2] = Glem'vah say (7 a) 
with 

m,' = m, — 23 = m, — 33 (7 b) 


where V, is the electrostatic potential energy at the position of the charge 
2 due to the charge 1. Thus, the Lagrangian (4) implies a variation of the 
inertial mass with potential energy. The various consequences of this is 
the field of electromagnetism is reserved for a separate paper. Here, we 
shall consider the consequences of an exactly similar formulation for gravi- 
tational interactions. 


3. GRAVITATIONAL EQUATIONS 


The adaptation for gravitational fields may be obtained straight from 
equation (5). First, the quantity e,e, is replaced by —GMm. Let us further 
suppose that our problem is a two-body problem, in which one of the masses 
(M) is very massive (such as the Sun) and is at rest. Hence, », = 0 at all 
times and so ¥, = 0. Consequently, », = v, and m;=m. Thus, Equation 
(5) reduces to the following: 


ay om) = — Sa (1+ 3a) — alae’): ®) 


c*r 








—~@ Cf we — 
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This may be written in the form: 


4[” (1+ oe) --S Mm (1 + 52x)? (9) 


This is the fundamental equation. Here we find the effective mass is altered 
by the potential and is actually equal to m — V/c?, where V is the potential 
energy as in the electromagnetic case. Starting from this equation we shall 
work out some of its consequences. 


4. GRAVITATIONAL PHENOMENA 


(a) Precession of Mercury.—Taking the Lagrangian given in equation 
(5) adapted for our problem, using spherical polar co-ordinates and using 
the result that v? = v,? + r?v,? + r*sin*0vp?, we find that the Lagrangian 
does not involve the co-ordinate ¢ explicitly. Thus, ¢ is a constant for the 
problem. Hence, the orbit can be described by just two co-ordinates 
(r, 9) and it is planar. 


We can write the equation of motion in polar co-ordinates as 


[ym (1+% + — ) Fi _ ying (| + oi) ‘ = 2 





~~ 28 (1 +42) (1 +S “0 
S [ym (1 + om) 1a l- 0 (11) 


where 


"Cy 


From (11) we have the result that 


r( i+ Pr = constant, k (say). (12) 


Using this in (10) and putting u = 1/r, we get the differential equation of 
the orbit as 


du GM 2G°M? 43 soe [ut 4 fay |. 


a2 +us ee + an (13) 
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We can show that the radial velocity does not contribute anything to the 
precession (see Appendix I) and so we can discard the (du/d@)* term in con- 
sidering the precession, of the orbit. Thus, 


du G,M , 2G2M?_  3GM_s, 
ae eP: 


is k2c2 u + 9) ce irs (14) 


It is easy to show that the second and third terms are very small compared 
to the first and hence can be taken to be perturbations on the Newtonian 
elliptic orbits. Let us take the more general case where 


du, GM 


doz + =e + = Anu” (15) 


where A,u" are all perturbation terms. Then we can readily show that the 
orbit is given by (see Appendix I) 


“u= oF [ |- @ COS 19 —w— [Dale “r) | | (16) 


and the advance of the perihelion per rotation is given by 


- n—1 
Ad, =7 > | nAn (S') (17) 


Substituting in this from equation (14), we obtain for our problem 


51G2M? 
Ao, = “Sct , (18) 


This gives a value of 35-5” of arc per century for the planet Mercury, as 
compared with the observed value of 40-6” (Sokolnikoff, 1956). 


(b) Deflection of light by gravitational mass.—Let a photon of mass 
m = hv/c® pass near the Sun. We may calculate the deviation of the path 
as follows: For a photon, v =c¢ and so y—»oo. Thus from (12) we see 
that kK-+oo. Using this in (13) we get 


d*u _3GM du? 
$i +P Mo (Q)] t 


The complementary function of this differential equation is u = cos 6/R 
where R is the perpendicular distance between the initial path of light and 











es 
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the centre of the gravitating mass. Using this, we can evaluate the R.H.S. 
and the particular integral is then 3/2. GM/c*R. The solution is given by 


_3GM ,1 


uU=5 —aR + ROS F- (20) 
Using Cartesian co-ordinates, we find for large y, 
3GM 
x=R— aR): (21) 


¢? Ser’ (22) 


This gives for a ray grazing the surface of the Sun a value of 1-31 seconds 
of arc for the gravitational deflection and the observed value ranges from 
1-6” to 1-75". The Newtonian value is just 0-88”. All these are incorpo- 
rated in a separate table (Table I). 








TABLE [ 
Particulars Classical General Our Observa- 
theory relativity formulation tion 

1. Precession of the "s 43” 35-5” 40-56” 

perihelion of 

Mercury 
2. Deflection of light 9-88” 1-76” 1-31’ 1-6 to 1-75" 
3. Red-shift (SA/A) .. ~10-6 ~10-6 ~10-6 ~10-6 





There is a more physical way of doing this. Let us take (9) and suppose 
that the momentum of the photon is given by mv. There is some difficulty 
in this since the effective inertial mass is (m— V/c*). Anyway, assuming 
this to be correct, and remembering that for a photon, the velocity does 
not change, we get from equation (9). 

GO =~ Zon ht aa Ae. (23) 


The component perpendicular to the line of flight is the relevant one and 
the parallel component vanishes by symmetry. Thus, we get 


dx 3GMm 
- fF ca (24) 
AS 
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Thus, 


_ | Ap| _ 3GM 
$= "pl 7 eR ™ 


This is the same as obtained in (22). 


(c) Red-shift.—Let a photon start from a point P, on the surface of the 
Sun. We require the change in its energy which is used up in doing work 
against gravitational attraction. Thus, we have to find the value of the 
integral 


W=fF,-dx 
P 
1GMm 
=-3-k- (26) 


This is independent of the point P on the surface from which the photon 
starts. 


The question, whether the work done by the photon is equal to the 
change in its energy in this new dynamics, remain to be established. Thus, 
if we make use of the result that m’ = m — V|c?, and take m’ = hv’ |c? for 
a photon, then 


Sv 3A __GM 


eR’ (27) 


v 
i.e., a value twice that given by the formulation given above which gives 

Sv 381 _W_1GM 

"ih Ie (28) 
The value (27) agrees with that usually taken for the red-shift from General 
Relativity Theory. 


The order of magnitude of this for the Sun is ~ 10-* and agrees with 
observations. It should be mentioned, however, that the experimental 
observations are not very reliable and give only an order of magnitude.* 
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APPENDIX I 


Let us consider the orbit represented by the differential equation 


2 GM | oy fduy? 
ten SH + DF Ant + B (Sp | (1.1) 


We look for the solution which is correct to the first order in the eccentricity 
of the orbit. We adopt the standard method of successive approximation. 


To start with, ignore the last two ‘perturbing’ terms. Then, the orbit 
is represented by 


u=OM [l + ecos(@ — w)} (1.2) 


(see Eddington, 1952). Using this on the L.H.S., we have 
d*u GM GM\” 
doe © 4 = Ee + Z An]: ) (1+ ecos (0 — a))" 


+B (Sr) e? cos? (6 — w). 
We may omit terms involving e? and higher order terms. This immediately 


shows that, to this order of approximation, the radial component of velocity 
gives rise to no precession. Thus, we have 


d*u _ GM GM)” 


te PH An (Gr) - ne cos (0 — w) (1.3) 


The particular integral of this equation is 


dD, An (Sr). , ne - (0 — w)sin (0 — w) 


GM 
yr 4 (1.4) 


= esin(@— w): 


where 


Ad = (0— w) > nAy Sr) ; (1.5) 
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To this approximation the orbit is represented by the equation got by add- 
ing (1.5) to (1.2) and remembering that /A@ is small, 


u= SF + ecos(@— w— /é)}. (1.6) 


Thus the advance of perihelion per rotation is 


-1 
A% =2n +} } nAn 7 F 


=a Sl nan(Se) (1.7) 


This is the result used in the text. 
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